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Epigenetic modifications in DNA are strongly linked to the triggering and development 
of pathophysiological disorders and cancer diseases. The halogenation of DNA via 
radical species, particularly the formation of 5-chlorocytosine (ClC), has recently 
emerged as epigenetic modification. This work deals for the first time with the 
exploration of the electrochemical behaviour of ClC on different carbon electrodes such 
as glassy carbon and boron-doped diamond using cyclic voltammetry and square wave 
voltammetry. When comparing both carbon materials, the use of glassy carbon turned 
out to be the appropriate in terms of a more well-dfined anodic wave and higher 
sensitivity. The electrochemical oxidation potential of ClC resulted to be linearly 
dependent on the pH with a maximum current intensity in acetic acid buffer solution 
under the conditions used. Moreover, a linear respon e between peak current intensity 
and ClC concentration was obtained within the range of 200 and 1000 µM with a limit 
of detection of 200 µM. In order to elucidate the reaction mechanism of the process, the 
main oxidation products after a preparative electrolysis were detected by HPLC-MS. 
Simultaneous detection of ClC in the presence of the unmodified cytosine and mixtures 
containing other nucleic bases such as guanine, adenine and thymine was also 
addressed. Finally, the effect of the halogen atom (X=F, Cl, Br) located at position C-5 
of the cytosine entity upon the electrooxidation process was examined by theoretical 




























Epigenetics is defined as the study of factors involved in the development of an 
organism, where gene expression plays an important ole. The regulation of gene 
expression is mediated by reversible and highly selective DNA modifications that 
control the conformational transition of transcriptionally active or inactive DNA states. 
Many epigenetic mechanisms have already been discovered in a variety of physiological 
and pathological processes ranging from neurological [1], cardiovascular [2] and 
reproductive disorders [3] to several types of cancer diseases [4]. Nonetheless, 
epigenetic modifications are necessary for the development of living beings and are not 
always of a pathological nature. The problem arises when there are aberrant epigenetic 
patterns, which alter the normal expression of the genes. One type of aberrant epigenetic 
pattern already studied is the presence of methyl radicals in the DNA strands as a 
consequence of non-natural processes [5]. Methylation normally occurs in regions of 
the DNA sequence rich in cytosine and guanine residu  called CpG islands, that 
consist of short DNA segments of about 300-3000 base pairs [4–6]. Naturally occurring 
methylation of the CpG islands within the selected genes in the DNA strand is an 
important epigenetic mechanism by which their expression can be silenced [2]. On the 
other hand, hypermethylation produces a fibrotic thi kening that affects specific areas of 
the heart, giving rise to health problems [7].  
Even though other aberrant epigenetic modifications may alter the natural gene 
expression such as the oxidation of guanine residue [8], the literature is still scarce 
about the consequences of nucleic base halogenation. In this regard, the presence of 5-
halopyrimidines in DNA has been related to malfunctions of the recognition mechanism 
of certain restriction endonucleases [9], bringing about accelerated inflammation 
processes that are inherently mutagenic. Nevertheless, the fluorination of cytosine 
derivatives, i.e., to 5-fluoro-3-deoxycytidine (FdC), results in compounds that are 
inhibitors of the DNA methylation mechanisms early reported by Huber et al. [10], FdC 
being under study in clinical trials against breast cancer and other types of advanced 
developmental tumours [11]. Moreover, FdC has been shown to be able of binding and, 
at the same time, trapping DNA methyltransferases, thereby preventing DNA 
methylation [12,13]. With regard to chlorination of DNA bases, there exist few studies 















methylation of CpG islands, which is associated further with a deviant activation of 
tumour promoter genes or with the silencing of tumor suppressors [4,14]. 
For the aforementioned reasons, there is an incipient n ed to develop new 
analytical methodologies for selectively and specifically detecting such genetic 
aberrations in order to achieve a useful tool for an e rly detection of diseases. In this 
sense, during the last years, a plethora of techniques has been developed for the 
determination of this type of epigenetic modifications. In general, these methods consist 
of DNA extraction, followed by a subsequent protease and ribonuclease enzyme 
digestion step, which hydrolyses and separates the DNA strains into their constituent 
nucleic bases, to perform a final purification/separation step, using either HPLC 
methods [15] or electrophoretic techniques [16], both coupled with spectrometric 
detection. Even though the sensitivity and accuracy of such analytical techniques are 
high, the methodologies are usually tedious and cost-ineffective for routine analyses. An 
interesting alternative lies in the development of electrochemical sensors to obtain 
accurate and reproducible results along with a reduction in costs as well as better 
portability, miniaturization and the possibility ofex-situ and in-situ experiments. In this 
context, electrochemistry provides a potential tool, highly efficient and capable of 
solving drawbacks displayed by conventional techniques [17–20]. In addition, DNA is 
an electroactive macromolecule since the nucleic acids can be oxidised and reduced on 
various electrode materials [21,22].  
Direct oxidation of DNA bases has been performed using a plethora of electrode 
materials such as mercury [23], platinum [24], gold [25], copper [26] and silver [27]. 
However, electrodes made of carbon materials are vey interesting for the above 
purpose since they generally present higher electrochemical windows than the 
aforementioned metal-based materials and nucleic bases electrochemically react at high 
anodic potentials. The electrooxidation of nucleic bases, and more particularly, the 
electrooxidation of cytosine (C) and methylcytosine (mC) has been extensively 
reviewed in the literature [28]. For example, the electrooxidation of C and mC has been 
explored using glassy carbon (GC) [29], graphite (GPT) and screen printed graphite 
electrodes (SPGE) [30], boron doped diamond (BDD) [31,32], carbon nanotubes (CNT) 
[33] and graphene (GPH) [34]. 
To the best of our knowledge, no work has been published in the literature on 
the study of the electrochemical response of halocytosines, i.e., of 5-fluorocytosine 















which should elicit great interest for future applicat on in the development of 
electrochemical sensors for epigenetic halogenated residues in DNA. In the present 
paper, for the first time the electrochemical behaviour of ClC at glassy carbon (GC), and 
boron doped diamond BDD has been compared by cyclic vo tammetry (CV) and square 
wave voltammetry (SWV). The electrochemical behaviour f ClC has been studied in 
regard to pH, scan rate, ClC concentration and electrode surface pretreatment using GC 
electrode. The feasibility of ClC determination in the presence of cytosine (C) as well as 
other nucleic bases such as guanine (G), adenine (A), and thymine (T) has been 
addressed under optimised experimental conditions. A tentative reaction mechanism for 
the electrooxidation of ClC is also given, after analysis of the products of a 
preparative electrolysis of ClC. Finally, the electro hemical response of FC, ClC and 
BrC has been explored in order to shed light on the influence of the halogen atom at 5-C 
position, and those results were examined by theoretical calculations.  
 
2. Materials and methods 
2.1. Reagents and chemicals 
Free DNA bases [adenine (A), thymine (T), cytosine (C), guanine (G)] and 5-
fluorocytosine (FC) of the highest purity were purchased (Sigma Aldrich). N-
chlorosuccinimide (NCS, Sigma-Aldrich, 98 %), sodium carbonate (Fluka, analytical 
reagent grade) and liquid bromine (Sigma-Aldrich, 99 %) were purchased from Sigma 
Aldrich and used for the synthesis of the halocytosines 5-chlorocytosine (ClC) and 5-
bromocytosine (BrC). Solutions were prepared with doubly distilled water, with a 
resistivity of not less than 18.2 MΩ cm. Nucleic base solutions were generally prepared 
in 0.1 M acetate / acetic acid buffer solution of pH 5.0 (sodium acetate, Scharlau 
Chemie S.A, 99% purity). Acetate buffer solutions were made up, setting pH values 
with glacial acetic acid (J. T. Backer, 99-100% purity) or NaOH (Scharlau Chemie S.A., 
reagent grade), and the pH measurements were carried out with a Crison Micro pH 2000 
pH-meter. Guanine solution was prepared in 0.1 M acetate buffer solution of pH 5.0 up 
to saturated conditions, and then the solution was filtered through a 45 mm pore nylon 
filter (Millipore MILLEX-HN) in order to remove excess insoluble guanine. The final 
guanine concentration was determined by using a UV-visible spectrophotometer (UV-
2401PC, Shimadzu) with an extinction coefficient of 10,700 cm-1 M-1 at λ = 243.0 nm, 















the nucleic bases tested in this work were dissolved in 0.1 M acetate buffer solution at 
pH 5.0. 
2.2. Synthesis of ClC and BrC halocytosines 
5-Chlorocytosine (ClC) and 5-bromocytosine (BrC), were synthesised as 
described in [36]. The synthesis consisted of the ins rtion of a halogen atom (Cl or Br) 
at the 5 position of the aromatic ring of the C moiety. Briefly, for ClC synthesis, 1.00 g 
of C (9 mmol) was dissolved in 20 mL of glacial aceti  acid at 70 °C. Then, 1.32 g of 
NCS (9.9 mmol) was added dropwise over the course of 10 min. Thereafter, the mixture 
was maintained for 4 h at 70 °C, under reflux conditions and vigorous stirring. 
Thereafter, the reaction mixture was cooled down to room temperature to obtain a white 
precipitate. This precipitate was resuspended in 30 mL of ultrapure water and pH was 
set at 8.0 by the addition of solid sodium carbonate. The mixture was stirred again for 2-
3 h and filtered off under vacuum. The final product was washed thoroughly several 
times with ultrapure water and subsequently dried overnight in an oven under vacuum. 
For the synthesis of BrC, 2.5 g of C (22.5 mmol) were added to 37.5 mL of 
ultrapure water and then 1.15 mL of liquid bromine (22.5 mmol) was added dropwise to 
the mixture, keeping the temperature at 33°C. Afterwards, the reaction mixture was 
stirred at room temperature for 4 h and finally cooled down to 4 ºC overnight. Then, the 
precipitate was filtered off under vacuum to obtain colourless crystals, which thereafter 
were resuspended in 50 mL of ultrapure water. A total f 1.03 g of solid sodium 
carbonate was slowly added to the suspension. Finally, the suspension was left 
overnight under gentle stirring and subsequently filtered under vacuum. The final 
product was thoroughly washed with ultrapure water and dried in an oven at room 
temperature under vacuum for 3 h.  
1H and 13C NMR spectroscopy were performed in order to check the purity of 
ClC and BrC: 1H NMR of ClC (400 MHz, DMSO-d6): δ 7.09 (br s, 1H, NH) 7.60 (br s, 
1H, NH), 7.71 (s, 1H, CH), 10.87 (br s, 1H, NH); 13C (100 MHz, DMSO-d6) δ 98.3, 
141.8, 155.7 and 162.6. 1H NMR of BrC (400 MHz, DMSO-d6): δ 6.82 (br s, 1H, NH), 
7.66 (br s, 1H, NH), 7.75 (s, 1H); 13C (100 MHz, DMSO-d6) δ 85.6, 144.4, 155.9 and 
163.2.  The purity of ClC and BrC was evaluated by 1H NMR spectroscopy to be higher 

















2.3. Electrochemical measurements 
Electrochemical experiments were performed in a three-electrode standard 
electrochemical glass cell with a 10 mL volume. A glassy carbon (GC) bar with a 3 mm 
diameter (purity ≥ 99.95%, Goodfellow, UK), and a 3 mm diameter polycrystalline 
boron doped diamond (BDD) film mounted in polyether ether ketone [PEEK] doped 
with 0.1 wt.% of boron (Windsor Scientific Company, UK) were used as working 
electrodes (WE).  The counter electrode (CE) was a gold wire, spirally wound, and the 
reference electrode (RE) was an AgCl/Ag electrode (1.0 M KCl), which was placed in a 
separate compartment via a luggin capillary. All the electrode potentials described in 
this work are always referred to this RE. 
Cyclic Voltammetry (CV) and Square Wave Voltammetry (SWV) 
measurements were carried out using an Autolab PGSTAT 30 (Eco Chemie, The 
Netherlands) potentiostat/galvanostat and controlled by Autolab GPES software version 
4.9 for Windows XP. All electrochemical experiments were carried out under a nitrogen 
atmosphere and set at 293 ± 2 K. SWV parameters used in all experiments were the 
following: modulation amplitude, 50 mV; frequency, 8 Hz; modulation step, 5 mV. 
SWV parameters were also optimised regarding the current intensity for the 
electrooxidation of halocytosines. Different frequenci s were examined between 8 and 
25 Hz, 8 Hz being the optimum frequency for an improved resolution of the 
voltammetric peaks.  
GC and BDD electrodes were polished prior to the electrochemical 
measurements by using an alumina slurry suspension (Buehler, 0.3 mm particle size) 
with deionized water as lubricant, for 5 min. Then, the electrodes were thoroughly 
washed with deionized water and immersed into an ultrasonic cleaning bath (P-Selecta 
Ultrasons-H, 720 W output, 50 kHz) for 2 min for the removal of alumina residues 
adsorbed onto the carbonaceous surface. Both GC and BDD electrodes were dried under 
a nitrogen atmosphere prior to the electrochemical measurements.  
The carbonaceous electrodes were also subjected to anodic and cathodic pre-
treatments in order to investigate their effect on the electrochemical behaviour of ClC. 
The electrochemical pre-treatments consisted of performing 30 voltammetric sweeps in 
a 0.1 M acetate buffer solution at pH 5.0 between 0 and +2.5 V for the anodic pre-
treatment and between 0 and -2.5 V for the cathodic pre-treatment [37]. Electrochemical 
pre-treatments were carried out in a separate electrochemical cell using a graphite bar as 















2.4. Preparative electrolysis 
Preparative electrooxidation of ClC was performed using a two compartment H-
shaped electrochemical cell separated by a Nafion 117 cationic exchange membrane 
(Dupont, France). A GC plate acted as the anode and a bipolar polycrystalline BDD 
electrode supported on silicon (from Adamant Technologies Switzerland of 2.5 x 4.0 
cm) and doped with 700-800 ppm of boron acted as the cathode. The anodic 
compartment was filled with 50 mL of 1 mM ClC solution containing 0.1 M acetate 
buffer solution pH 5.0, while the cathodic compartment was filled with 50 mL of a 0.1 
M acetate buffer solution pH 5.0.  Electrolysis was c rried out at a controlled potential 
of +1.4 V versus Ag/AgCl using a Potentiostat/ Galvanostat (AMEL Instruments Model 
2049 General-Purpose Potentiometer) at room temperatur  under stirring and aerated 
conditions. The electrolysis was performed until the charge passed was 114 % of the 
theoretical charge, assuming an electron transfer of 2 electrons per mole of ClC. Both 
anodic and cathodic solutions were analysed after th  electrolysis using a liquid 
chromatography-mass spectrometry system (LC/MS; Trap SL Agilent 1100) in order to 
determine the main products of the reaction. The mobile phase was made up of two 
components [A – water + 0.1% formic acid (JT Baker), and B – acetonitrile (HPLC 
grade Scharlau) + 0.1% acid formic (JT Baker)] with a 50:50 (v/v) in isocratic mode. A 
C18 commercial column of 250 mm x 4 mm with 5 mm particle size (Hyersil ODS) was 
used. An injection volume of 100 mL was always used for the samples of the 
electrolysed solution. The wavelength for detection was set at λ = 254 nm. 
 
2.5. Computational calculations  
All calculations were performed using Gaussian 09 rev. D01 [38]. Gas-phase 
structures were optimized using the B3LYP functional [39] and 6-311+G(d,p) basis set. 
For calculations involving solvation, all structures were reoptimized using the 
polarizable continuum model of solvation (with water as the solvent) at the B3LYP/6-
311+G(d,p) level. All optimized structures were confirmed to be energy minima 
through vibrational frequency calculations. Solvation free energies were determined 
using the SMD method (solvation model based on density) [40].  
 
2.6. Statistics 
Equations for linear plots were obtained by the least squares method with the 















intervals of the slope and the intercept were obtained using the statistical value ‘‘t 
student’’ (for N-2 freedom degrees, where N is the number of standards solutions used) 
for a confidence level of 95 %. Limit of detection (LoD) and quantification (LoQ) were 
calculated as three and ten times the noise level, respectively. 
 
3. Results and discussion. 
3.1. Electrochemical behaviour of a ClC solution. 
Figure 1 shows a comparative study of the electrochemical response of ClC 
performed at GC and BDD, exhibiting the CV and SWV behaviour of 1.0 mM ClC in 
0.1 M acetate buffer solution at pH 5.0. For the CVmeasurements (Figures 1A), the 
peak potential associated with the electrooxidation of ClC is located at +1.34 V and 
+1.40 V for GC and BDD, respectively. Consecutive positive and negative scans 
provide a slight reduction in current intensity likely associated with a partial fouling of 
the electrode surface. The SWVs (Figure 1B) display th t the peak potentials of the ClC 
are found at +1.28 V and +1.43 V for GC and BDD, respectively. With regard to the 
current intensity, the ClC electrooxidation gives rise to a peak current of 15 µA for the 
GC and 9 µA for the BDD after subtracting the background response, while in the 
SWVs the peak current obtained is ca. 14 µA for GC and 7 µA for the BDD, 
demonstrating a good reproducibility over both CV and SWV techniques, within the 
experimental error. Differences obtained in terms of peak potential and current intensity 
for both electrodes can be ascribed not only to the nature of the carbonaceous electrode, 
but also to the character of the surface chemistry of the electrode. The sluggish 
electrochemical process for the BDD electrode could be associated to the lower 
electrical conductivity of the electrode [41] but also to the functionalisation of the 
surface of the BDD itself [42]. Additionally, the anodic peaks obtained with the GC 
present a more resolved anodic wave than that obtained using BDD. Accordingly, to 
further explore the electrochemical response of ClC, the potential and current intensity 
dependence on the scan rate (v) was explored by CV using the GC electrode (see Figure 
ESI-1). Investigation of the plot of peak current itensity (Ip) versus scan rate (v) and 
versus square root of v revealed that there is a linear dependence of Ip with v
1/2 and 
therefore a linear dependence of log10 Ip with log10 v (R
2 = 0.990) with a slope value of 















process [43]. Moreover, the dependence of the peak otential (Ep) on the scan rate is 
characteristic of an irreversible process. 
Figure 2 depicts the pH dependence of the electrochemical oxidation of 1 mM 
ClC solution in 0.1 M acetate buffer over a pH range between 3.0 and 8.0. The acetic 
acid/acetate composition with an ionic strength of 0.1 M was used for all the 
measurements in order to avoid interferences due to different supporting electrolytes 
[29,44,45]. Results indicate that Ep value shifts to lower positive values with increasing 
pH. A general linear pH-dependence of Ep with a slope of 48 mV per pH unit is 
obtained as shown in Figure 2B within a pH range betwe n 3 and 6, which is close to 
the theoretical Nernstian value of 59 mV per pH unit. This indicates that an equal 
amount of protons and electrons is involved for the el ctrooxidation process. 
Nevertheless, it is worth noting that from a pH value of around 6 upwards, a change of 
the slope of plot Ep vs pH takes place, as indicated with an arrow in Figure 2B. This 
could be attributed most likely to the second pKa2 v lue of ClC. The pKa1 of C itself is 
4.5 according to the literature [46] and the electron-withdrawing effect of the Cl atom at 
C5 must change the acid/base character of the molecule, lowering its corresponding first 
pKa1 to a value of below 3.5, since the pKa1 values for bromocytosine and iodocytosine 
are close to 3.25 and 3.56 according to [46,47]. In terms of current intensity, Figure 2C 
shows that the highest peak currents are reached in the range of pH 4.00 - 5.00, ie., 
within the range of pH buffering capacity, exhibiting a maximum at ca. pH 4.5. In this 
sense, within the range of pH buffering capacity of the acetate buffer solution. pH 5.0 
was chosen for its high current intensity output  towards electroanalytical determination. 
The dependence of the current intensity on pH is qute similar to that shown for the 
unmodified C using the same buffer solution, as stated elsewhere [48]. The highest 
current intensity for the ClC electrooxidation is seen at slightly lower pH than in the 
case of C. This fact corresponds well to a more acidic haracter of the ClC moiety. The 
explanation is not as simple as it seems, since at pH values higher and lower than the 
one where highest current intensity is achieved, the current intensity is reduced 
describing a volcano-like tendency. This makes it unclear whether the electroactive 
species is protonated or unprotonated, leaving the explanation of the effect of the pH 
directed either to the reacting compound or the adsorptive properties of the carbon 
surface [49]. 
The oxygen functionalisation of the carbon electrode surface is a key parameter 















intensity associated with the ClC electrooxidation response, the electrochemical pre-
treatment of the GC electrode was examined, using ether anodic or cathodic pre-
treatments, as described in the experimental section. Neither the mechanical nor the 
anodic pre-treatments were efficient enough to provide a clear SWV wave for the 
electrooxidation of 100 μM ClC in 0.1 M acetate buffer solution at pH 5.0 at such low 
concentration, while the cathodic pre-treatment remarkably improved the 
electrochemical response of the ClC with a current intensity of ca. 1.5 µA and a peak 
potential of +1.31 V (see Figure ESI-2). Therefore, a likely partial reduction of 
oxygenated functional groups on the GC surface could lead to an appropriate balance 
between the hydrophilic/hydrophobic character of the carbon surface. The results 
obtained in respect to the amelioration of the electrochemical response of ClC are in 
accordance with the effect of the halogen atom on the hydrophilic character of the 
moiety. As commented above, electronegative Cl atoms have an electron-withdrawing 
effect, making ClC more hydrophobic and therefore less soluble in water, thereby 
enhancing its interaction on a more hydrophobic carbon surfaces by participating 
dispersive forces in addition to interactive forces between π-electrons of the aromatic 
ring and π-electrons of the carbon surface [49,51].  
 
3.2. Electroanalytical figures of merit. 
Even though the cathodic pre-treatment has been proven to be advantageous to 
obtain higher anodic peak current intensities, mechanical pre-treatment was chosen for 
its simplicity and quickness of analysis. In this regard, Figure 3 depicts the SWV 
response of distinct standard solutions of ClC in 0.1 M acetate buffer solution at pH 5.0. 
Linearity was found between 200 µM and 1000 µM, but standard solutions below 200 
did not show a clear anodic wave (vide infra). From data obtained from SWV, a linear 
calibration plot was obtained as shown in the inset figure of Figure 3, depicting peak 
current intensity (background subtracted) versus ClC concentration. The regression 
equation of the curve is as follows: Ip / µA = (0.013 ± 0.003) [ClC/ µM] + (0.8 ± 1.9) (r
2 
= 0.968, n = 3) for ClC. To assess the repeatability of the method, three calibration plots 
were registered on the same day, obtaining a coeffiient of variation (CoV) of 3.90%. 
The LoD was 200 µM and the LoQ was 675 µM (three and te  times the noise level, 
respectively). 
The assessment of possible interferences which might alter the analysis is of 















substance in CpG islands, present in real samples, is obviously cytosine. Accordingly, 
the electrochemical response of a mixture of C and ClC was first addressed using a GC. 
Figure 4 shows the different SWV responses obtained for mixtures of a variable C 
concentration with increasing amounts of ClC. The electrochemical oxidation of C takes 
place at more positive potentials (+1.42 V vs AgCl/Ag) than that of ClC. Accordingly, 
ClC can be unambiguously detected in the presence of C since the anodic waves are 
separated by about 150 mV. Peak potentials of both C and ClC resulted to be unaltered, 
irrespective of the concentration of both bases. Moreover, an inspection of the plot ClC 
concentration versus current intensity depicted a sensitivity of 0.011 µA µM-1, close to 
that presented in the absence of C (Figure 3). Thus, t e presence of C does not alter or 
inhibit the electrooxidation of ClC. More interestingly, one would expect that the 
incorporation of an electronegative group such as aCl tom at C-5 position of C moiety 
would mean a higher electronic retention and a more difficult removal of an electron, 
which means that electrooxidation should be hindered. Nevertheless, our results show a 
contrary behaviour, since ClC electrooxidation occurs at less negative potentials 
compared to C peak potential (vide supra).  
Next, we turned to the simultaneous determination of ClC in the presence of 
guanine (G), adenine (A) and thymine (T). Figure 5 displays the electrochemical 
response of a solution mixture of A (1.0 mM), T (1.0 mM) and G (33.0 µM) with 
different concentrations of ClC (between 74 µM and 193 µM) at a GC electrode. As 
expected, there is a noticeably difference in peak potential between the A, T and G 
nucleic bases, as reported elsewhere [52]. It is alo worth noting that the 
electrooxidation of T under the above experimental conditions takes place at a peak 
potential of ca. +1.28 V, which is 10 mV lower than that for the ClC. The above results 
represent a serious disadvantage for the simultaneous detection of ClC in the presence 
of a complex mixture containing T nucleic bases. Additionally, an anodic 
electrochemical signal is not clearly noticed, until a concentration of ca. 200 µM is 
reached. 
 
3.3. Mechanism of the electrooxidation of ClC. 
The elucidation of the reaction mechanism of the ClC electrooxidation is vital to 
explain the differences observed in the electrochemical response of ClC and C. One 
would expect that the electrooxidation of ClC will fo low the same steps as does C at a 















get insights into the mechanism of the ClC electrooxidation, the final main products 
after a preparative electrolysis were determined by HPLC coupled to mass spectrometry 
(Figure ESI-3 and ESI-4). Figure 6 depicts the mechanism of the ClC electrooxidation. 
The first step is the abstraction of an electron to give rise to a radical cation. The radical 
cation must have different resonance forms and can evolve along two different reaction 
pathways via the participation of the solvent (H2O) to incorporate oxygenated groups. In 
this regard, product 1 is the major oxygenated species formed through the release of the 
Cl atom. This species corresponds to a m/z of 126.1 [OH-C+ – 1] observed in our 
experiment, and can be attributed to the formation of 5 (or 6)–hydroxycytosine. The 
presence of hydroquinone-like structures can be supported by the appearance of a pale, 
brownish colour during the electrooxidation [53]. The release of the Cl atom has also 
been observed in the electrooxidation of aromatic structures such as chlorophenol at GC 
electrode [54]. The other main peak observed in the mass spectrum displays a m/z of 
176.1, and corresponds to a doubly hydroxylated ClC derivative [(ClC+2O)+ - 1], and is 
most likely product 2, 5-chloro-6-hydroxy-4-(hydroxyamino)-3,4-dihydropyrimidin-
2(1H)-one. A product derived from a mono-hydroxylation of the amino function at C4 
has not been detected, perhaps because it quickly undergoes further electrooxidation to 
product 2.  
The formation of a dimer species has also been detected with a m/z of 289.2 
[2ClC+2H+]. Three characteristic peaks (pattern of Cl isotope distribution) support the 
presence of two Cl atoms in the same molecule. A m/z of 350.1 is also detected with 
three characteristic peaks due to the distribution is tope pattern of two Cl atoms which 
could be assigned either to the subsequent electrooxidation of the dimer species or to 
other products coming from an electropolymerisation process, which would also be a 
typical side reaction in this kind of electrooxidation [55]. Unreacted ClC is still detected 
in the final anolyte solution, while neither the starting material ClC nor any of the 
products were observed in the catholyte solution. 
 
3.4. Effect of the halogen atom on the electrochemical response. 
The effect of the halogen atom upon the electrochemical response of 
halocytosines (FC, ClC and BrC) was investigated at GC electrode. In doing so, the 
SWVs of 1.0 mM solution of each halocytosine in 0.1M acetate buffer at pH 5.0 were 
performed, exhibiting peak potentials at +1.27 V, +1.28 V and +1.31 V, with current 















be seen, peak potentials of FC and ClC are close to each other (within the experimental 
measurement errors ca. ± 10 mV), while the peak potential for BrC is centred at slightly 
more positive potentials. Remarkably, BrC is the only halocytosine tested whose 
electrooxidation exhibits an anodic shoulder at +1.50 V vs AgCl/Ag, most likely 
attributable to the electrooxidation of product/s derived from the BrC electrooxidation. 
The aforementioned behaviour cannot be explained by an increase in electronegativity 
of the halogen atom since the tendency of the electrooxidation peak potential would 
shift to more positive potentials due to the electron-withdrawing effect of F>Cl>Br 
atoms and the observed trend in the values of the peak otentials is exactly the opposite. 
In mechanistic terms, an additional resonance stabilis tion of the radical cation 
intermediate by the lone electronic pair of the halogen atom could be used to help 
rationalize the observed trend, but this only would explain the higher oxidation potential 
of the C with respect to the halocytosines, but would not help to explain the trend 
among the halocytosines themselves.  
In order to unravel this issue, theoretical calculations were developed based on 
the density functional theory to determine the differences observed for the 
electrooxidation of halocytosines. Table 1 compiles the calculated energies of the 
HOMO orbital of the halocytosine FC, ClC, BrC and the unmodified C. It would be 
expected from gas-phase HOMO energies that oxidation potentials would follow the 
trend ClC>FC>BrC>C, the opposite trend to that observed experimentally. On inclusion 
of solvation effects, the predicted trend is C>FC>ClC>BrC, and the above tendency 
could be explained by an additional resonance stabilis tion by the lone pairs of the 
halogen atoms, but it does not fit with the observed experimental data, either.  
Based on total free energy calculations, depicted in Table 2, it would be 
expected that the oxidation potentials would follow the trend BrC>ClC>C>FC. In this 
regard, the trends in free energy and solvation energy for the halogenated bases do 
correlate with the observed oxidation potentials, but the unsubstituted cytosine does not 
fit the pattern in this case. It appears that differences between the oxidation potentials of 
the halogenated bases can be explained primarily by changes in solvation energy upon 
oxidation, but the difference between the unmodifie cytosine oxidation potential and 
the halocytosines cannot be explained in this way. The unsubstituted cytosine would be 
expected to be the most basic of the series: oxidation of the protonated form would be 
much more difficult and the calculated free energy change on oxidation would correlate 















(see Figure ESI-5). However, this is controversial, because there should be both 
protonated and non-protonated cytosine at pH = 5 and, s already commented, we 
cannot assure that the protonated C is the electroactive specie reacting, although it 
would explain the behaviour.  
It is possible that the remarked behaviour has to do additionally with the interaction of 
the compounds with the electrode surface, which has been discussed in a previous 
section. As already commented before, the electronegative halogen atoms present an 
electron-withdrawing effect and would make the compunds less hydrophilic and less 
soluble in water, enhancing their interaction on hydrophobic carbon surfaces. According 
to the electronegativity of the different halogen atoms and the expected hydrophilic 
character of C>BrC>ClC>FC, the trend in the observed oxidation potentials would be 
explained in this way, also. 
 
3 Conclusions.  
The CV and SWV response of ClC on glassy carbon electrode gave rise to an 
irreversible and diffusion controlled electrochemical oxidation peak, involving an 
overall equal number of protons and electrons exchanged. The electrooxidation of ClC 
showed a linear response of current intensity versus ClC concentration within the range 
200-1000 µM with a limit of detection of 200 µM. The feasibilty of simultaneous 
detection of ClC in the presence of other nucleic bases such as adenine, guanine, and 
thymine was also explored for the GC electrode, only showing an overlapping response 
with the thymine signal. The electrooxidation mechanism ClC goes through can be 
explained, with the products stemming mainly from both the hydroxylation of the ClC 
moiety with loss of the chloro atom and dimer formation derived from a ClC radical 
cation. As far as the effect of the halogen atom on the electrooxidation potential is 
concerned, the ClC anodic peak appears close to that f other halocytosines such as BrC 
or FC. Overall, the electrooxidation of the halogenat d cytosines takes place at less 
positive potentials than the electrooxidation of cytosine itself. 
Anodic potentials for the electrooxidation of halocytosines correlate well with 
data obtained from free energy and solvation energy theoretical calculations, but the 
electrochemical behaviour of the unsubstituted cytosine still remains unclear. The 
different electrochemical behaviour could be attributed to changes in the electronic 















relevant influence upon both the chemical properties of the molecules and the 
interaction between the molecules and the electrode surface.  
This first approach to the electrochemical determination of the halogenation 
pattern in DNA (chlorination and bromination) relatd to epigenetic aberrations is seen 
as the first step to the development of electrochemical sensors for ClC and BrC within 
biological samples such as urine, blood or other complex fluids. 
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Table 1. Calculated HOMO energies for the C, FC, ClC and BrC moieties both in gas 
phase and solvation.  
 HOMO gas phase /eV HOMO (PCM H2O) /eV 
C -6.665 -6.810 
FC -6.718 -6.786 
ClC -6.723 -6.764 


















Table 2. Total free energy calculations (PCM) for the oxidation and solvation of the C, 
ClC, BrC, FC and the protonated C (CH+).  




CC+ 145.26 -52.94 
FCFC+ 144.53 -53.55 
ClCClC+ 145.78 -50.42 
BrCBrC+ 148.02 -46.85 




































Figure 1. A) CV and B) SWV responses of 1.0 mM ClC in 0.1 M acet te buffer 
solution at pH 5.0 for GC (Black solid line), and BDD (Blue dotted line). CV 
parameters: Scan rate: 50 mV s-1. Three consecutive scans. SWV parameters: 
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Figure 2. A) SWV responses of 1.0 mM ClC as a function of pH. 0.1 M acetate buffer 
solution adjusted at pH values between 3.0 and 8.0 (3.0, 4.0, 5.0, 5.8, 6.1, 8.0). B) Plot 
of peak potential versus pH. Red lines describe the two different trends of peak potential 
with pH. C) Plot of peak current intensity with pH. SWV parameters: modulation 
amplitude, 50 mV; frequency, 8 Hz; modulation step, 5 mV. 
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Figure 3. SWV responses of standard solutions of ClC (200, 50750, 1000 µM) in 0.1 
M acetate buffer solution at pH 5.0. Figure inset shows the calibration plot of ClC 
standard solutions with concentration recorded betwe n 200 and 1000 µM (Background 
subtracted). SWV parameters: modulation amplitude, 50 mV; frequency, 8 Hz; 
modulation step, 5 mV. 
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Figure 4. SWV responses of C plus ClC mixtures at different C to lC ratios: 1000 µM 
C + 0 µM ClC (black line), 900 µM C + 107 µM ClC (red line), 850 µM C + 193 µM 
ClC (blue line), 800 µM C + 285 µM ClC (pink line) and 750 µM C + 390 µM ClC 
(green line). Mixtures in 0.1 M acetate buffer soluti n at pH 5.0. SWV parameters: 
modulation amplitude, 50 mV; frequency, 8 Hz; modulation step, 5 mV. Inset figure. 
Calibration plot of peak current (current subtracted) as a function of ClC concentration.  
 
  





















Potential vs AgCl/Ag / V
C
























Figura 5. SWV responses of a mixture made of G (33 µM), A (1 mM), T (1 mM) with 
increasing amounts of ClC (0, 74, 138 and 193 µM) in 0.1 M acetate buffer solution at 
pH 5.0 using a GC electrode. SWV parameters: modulation amplitude, 50 mV; 

























Potential vs AgCl/Ag / V
 G (33 µΜ) + A (1.0 mM) + T (1.0 mM) 
 G (33 µΜ) + A (1.0 mM) + T (1.0 mM) + ClC 74 µΜ 
 G (33 µΜ) + A (1.0 mM) + T (1.0 mM) + ClC 138 µΜ
 G (33 µΜ) + A (1.0 mM) + T (1.0 mM) + ClC 193 µΜ
33 µΜ G


























First step of the reaction: formation of a ClC radical cation
ClC ClC radical cation  
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Figure 6. Scheme of the mechanism proposed for the electrochemi al oxidation of the 



























Figure 7. SWV responses of 1.0 mM FC (black solid line), 1.0 mM ClC (red dashed 
line) and 1.0 mM BrC (blue dotted line) in 0.1 M acetate buffer at pH 5.0 using a GC 
electrode. SWV parameters: modulation amplitude, 50 mV; frequency, 8 Hz; 





































• The electrochemical characterisation of chlorocytosine has been performed for 
the first time on glassy carbon electrode. 
• Chlorocytosine can be electrochemically detected in the presence of other 
nucleobases. 
• A mechanism reaction for the electrooxidation of chlorocytosine has been 
proposed. 
• Free energy and solvation energy theoretical calculations of halocytosines agree 
with the electrooxidation peak potentials experimentally. 
• Feasibility for an electrochemical sensor for the halogenation degree detection 
in DNA. 
 
